Carbon fiber laminate composites provide good strength to weight ratio for aerospace applications. Manufacturing imperfections and impact during the operation and servicing of the aircraft can lead to barely visible and difficult to detect damage. Impact can lead to delaminations and matrix or fiber cracks, reducing the load carrying capacity of the structure. Both ultrasonic and X-ray techniques have a good track record for the nondestructive testing of composite structures. Immersion ultrasonic C-scans were performed to measure the delamination extent for impact damage in a cross-ply composite specimen. Guided ultrasonic waves propagating along composite plates were employed for defect imaging. The first antisymmetric A 0 Lamb wave mode was excited experimentally using piezoelectric transducers and measured using a laser vibrometer. X-ray imaging was used for the detailed visualization of the damages in the composite material. Application examples include carbon fiber composite plates with barely visible impact damage and manufacturing defects. The composite specimens and damage were characterized using ultrasonic measurements. Guided ultrasonic wave and X-ray imaging were used and the respective sensitivity for damage detection in composite panels is discussed.
INTRODUCTION
Composite structures offer beneficial strength to weight capacity for the aerospace industry. However, as impacts can result in barely visible damage [1] , testing is required. The structural integrity and load bearing capacity can be limited by hidden damage modes such as matrix cracks, fiber damage, and delaminations [2] . Different non-destructive testing methods have been investigated and proposed for the monitoring of composite structures [3, 4] . For the detection of manufacturing defects in composite structures such as porosity, in-plane fiber orientation, and out-of-plane ply wrinkling, good sensitivity of ultrasound has been found [5] . The size and location of delaminations (and other defects) can be measured accurately using ultrasonic immersion C-scans [6] [7] [8] . Efficient monitoring of large structures can be achieved using guided waves [9] . Damage such as fatigue cracks in metallic and multi-layered structures have been successfully detected using guided waves [10] [11] [12] [13] [14] . For anisotropic materials, the propagation of guided waves is dependent on the direction, requiring good understanding for experimental design and analysis [15, 16] . This is especially valid for higher guided wave modes, as in addition to complicated propagation patterns, their attenuation in composite materials is quite high, limiting their potential for defect detection. Often one of the fundamental guided wave modes at low frequencies (below cut-off frequencies of higher wave modes) has been found advantageous for testing. Guided waves have been successfully employed to detect delaminations in composite structures [17, 18] . Experimentally, the scattering of the fundamental A 0 guided wave mode at impact damage was measured and compared to Finite Element predictions [19] .
X-ray methodologies have demonstrated sensitivity for the detection of internal defects. Due to the limited contrast of Xrays for carbon fiber composites, dye penetrant has often been used [20] . From micro CT scans, damage in composites such as micro cracks and voids can be visualized in 3D and characterized [21] . From X-ray CT scans and ultrasonic Cscans, detailed models in 3D can be developed of composite damage [22] . X-ray phase-contrast imaging (XPCI) methodologies have been proposed for low-contrast applications [23] , as discussed in reviews detailing recent developments, methods and applications [24] . These are also referred to as "coded-aperture" and edge-illumination (EI) [25] . For the detection of microscopic inhomogeneities methods such as "dark-field" approaches [26] are well suited. For the visualization of barely visible impact damage in a cross-ply composite plate specimen, complimentary imaging using EI differential phase and dark-field methods, ultrasonic C-scans, and guided waves, were employed [27, 28] . This contribution describes the composite specimen, ultrasonic methods, and the phase-based X-ray imaging system. Experimental results from the different methods are compared and discussed in respect to their complimentary scale and sensitivity.
EXPERIMENTS
Two cross-ply composite specimens had been manufactured and previously studied by the Composite Systems Innovation Centre at the University of Sheffield, UK [1] . The specimens (990 mm x 110 mm) were manufactured using unidirectional pre-pregs (Cytec 977-2/ Tenax HTS) and autoclave curing. The specimens consist of 8 pre-preg layers with a symmetric, cross-ply layup sequence of [0/90] 2s , resulting in an overall specimen thickness of 2 mm. Using standard drop weight impact procedures, impact damage in one of the specimens had been generated using a standard drop weight impact (7.4 J energy, hemispherical 15 mm impactor head). Some limited indentation and fiber fracture on the impacted plate was observed (Fig. 1 ).
Ultrasonic C-scans were performed of the impacted area of the composite plate. A 200 mm long section was cut out of the specimen. For immersion scanning using a scanning rig, the specimen section was placed in a water bath, with a 12 mm thick steel plate placed 5 mm below the composite specimen to perform a double-through transmission ultrasonic Cscan. An additional C-scan was performed, with the time gate set to capture the amplitude peak corresponding to the ultrasonic pulse reflected within the specimen. The scanned area shown was 70 mm x 35 mm, with a step size of 1 mm in both lateral directions. For the ultrasonic immersion measurements, an unfocused, quarter inch diameter, 10 MHz center frequency transducer was employed. The signals were recorded using a digital oscilloscope and transferred to a PC for evaluation using MATLAB.
The guided wave field was measured, covering a scan area of 40 mm x 40 mm (step size of 1 mm in both directions) around the impact damage location. The scattered wave field was measured using a laser interferometer attached to a scanning rig and moved parallel to the composite specimen. The fundamental A 0 guided wave mode was excited using a custom-built transducer, consisting of a piezoelectric disc (diameter: 5 mm, thickness: 2 mm, polarized in thickness direction) and a bonded brass backing mass (diameter: 5 mm, thickness: 6 mm), located 50 mm from the impact damage center and permanently bonded using a two-component epoxy glue. The excitation signal (5-cycle Hanning windowed tone-burst, center frequency 100 kHz) was generated using a programmable function generator and amplified to about 200 V pp . The time traces of the laser signal (proportional to out-of-plane velocity) were band-pass filtered (75 -125 kHz) and recorded (20 averages). For the analysis using Matlab software, for each scan point, the maximum amplitude of the time trace was calculated using the Hilbert transform.
Experimental measurements of the specimens using an EI phase-based x-ray imaging system were performed as described in more detail in references [27, 29] . The evaluation of the X-ray imaging allows the calculation of images characterizing the dark-field related to changes in the specimen properties [29] . Figure 2 shows the images obtained from the double-through transmission (Fig. 2a ) and pulse reflection (Fig. 2b) immersion C-scans of the damaged area. The center of the impact was located approximately at x = 50 mm, y = 20 mm. The resulting image for the double-through transmission (Fig. 2a) shows the delamination area (extent about 60 mm in xdirection, 25 mm in y-direction) with consistent low amplitude (orange) due the interruption of the wave propagation. Within the area of higher amplitude (blue-purple) around the delamination, a pattern due to variations in the ultrasonic transmission and reflection linked to the internal structure and surface of the specimen can be discerned. Furthermore, vertical and horizontal lines of lower amplitude (yellow-green) at distinct locations can be seen, which might indicate damage extending along the fiber orientations for the cross-ply composite plate.
ULTRASONIC IMMERSION C-SCAN
The image showing the amplitude of the reflection C-scan is shown in Fig. 2b . The delamination area can be seen as the increased reflected signal (red-blue, negative amplitude), matching quite well the area found from the double-through transmission C-scan (Fig. 2a) . The small, visible surface impact damage (Fig. 1) corresponds to the lower amplitude (around x = 55 mm, y = 25 mm), which is not at the center of the delamination area. Similar to the double-through transmission image, some pattern in the area around the delamination can be observed (pink), which corresponds to variations of the composite structure. The wavelength corresponding to the transducer frequency (10 MHz) was not small enough to allow resolution of the individual ply layers. Figure 3 shows the amplitude of the guided wave field, scattered at the impact damage, with the incident wave propagating from left to right (y-direction). The scattered field shows an irregular area and pattern of high amplitudes, coinciding with the visible, small indent and center of the delamination. The area of higher amplitudes corresponds reasonably well with the delamination area observed from the ultrasonic immersion C-scans (Fig. 2 , rotated by 90 degrees). A significant drop of the amplitude of the guided wave field behind the impact damage (y = 30-40 mm) compared to the incident amplitude (y = 0-10 mm) can be observed. This can be correlated to the scattering of the incident guided wave at the impact damage, with limited transmission beyond the defect. As the two ultrasonic methods employ significantly different wave propagation and frequencies, the interaction with the impact damage and thus sensitivity for specific damage mechanisms is different. 
GUIDED WAVE IMAGING

X-RAY EDGE ILLUMINATION PHASE-BASED IMAGING
The dark-field EI phase contrast images of the damage location are shown in Fig. 4 . No dye penetrant was used for the X-ray imaging. The two images were obtained for rotation of the composite specimen by 90°. The phase contrast imaging is sensitive to the damage orientation relative to the mask. In both images, impact damage can be seen, and is highlighted by the arrows. As the X-ray imaging methodology is sensitive to the orientation, the two images show the extent of damage along the two fiber directions of the cross-ply composite specimen.
CONCLUSIONS
A cross-ply composite specimen containing barely visible impact damage was experimentally tested using complementary non-destructive methods to obtain information about the extent and severity of the impact damage. Impact damage leads to a range of defects in composite structures, ranging in size from delaminations to matrix and fiber cracking. Three imaging methods were compared, using guided waves, ultrasonic immersion C-scans, and phase-based X-ray imaging. Both ultrasonic immersion C-scans provided clear information about the size and shape of the delamination, with additional damage visible. The guided wave measurements at significantly lower excitation frequency and thus larger wavelength showed significant scattering and increased amplitudes in the damage area, allowing the localization of the impact damage, but providing limited information about the exact damage shape. The dark-field EI Xray imaging has orientation-dependent sensitivity for damage aligned with the aperture, typically on a smaller length scale than the ultrasonic immersion C-scans, which could be exploited for more detailed characterization of the impact damage. The different non-destructive imaging methods provided characterization of the impact damage across different length scales. Improved image registration and characterization of impact damages of varying severity could help to improve the sensitivity of the methods and allow improved characterization of the defects.
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